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Abstract Magnetic skyrmions (or vortices) are spatially inhomogeneous spin textures 
localized in nanoscale cylindrical regions. Topological protection and small size make 
skyrmions especially attractive for the study of spin topology and technologies wherein 
information is carried by the electron spin further to, or instead of the electron charge. 
Despite achievements in the synthesis of materials where axisymmetric magnetic 
skyrmions can be stabilized and characterized, there is disproportionate progress in 
elucidating the basic properties. The Perspective aims to bridge this gap and deliver an 
intelligible guide on the physical principles governing these magnetic whirls.  
 
Introduction  
Magnetic skyrmions were introduced theoretically in 1989 as a novel type of two-
dimensional spatially localized states, stabilized in magnetic materials with broken 
inversion symmetry [1]. Typically, they emerge as right circular cylinders of 
axisymmetric spin texture (Fig. 1a) at magnetic fields H above saturation [1-4]. In 
Bloch-type magnetic skyrmions, for example, the magnetization vector M rotates with 
a fixed rotation sense in the planes perpendicular to the propagation vector p, namely, 
from an antiparallel direction at the axis to a parallel direction at distances far from the 
center (Fig. 1c). Bloch-type skyrmions stabilize in ferromagnets with Dn symmetry [1, 
4] and in the extended group of cubic helimagnets [3, 5-8]. This is just one of five 
possible skyrmion core configurations in non-centrosymmetric uniaxial ferromagnets 
(Box 2) [1, 4].  
The study of magnetic skyrmions emerged from an apparent paradox. Mathematically, 
two- and three-dimensional localized structures are unstable in most condensed matter 
systems (the Hobart-Derrick theorem) [9]. Accordingly, localized structures such as 
magnetic skyrmions are not expected to exist. Hence, once induced they would rapidly 
collapse into linear singularities. However, magnetic materials with broken inversion 
symmetry do not obey the “prohibition” rule imposed by the Hobart-Derrick theorem 
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[1]. In these low-symmetry systems, magnetic interactions imposed by the handedness 
of the underlying crystallographic structure (known as Dzyaloshinskii-Moriya 
interactions [10]) provide a physical mechanism, which prevents the collapse and 
stabilizes axisymmetric localized states with finite sizes [1, 11].  
 
 
 
Figure 1| a,b,c | Magnetic skyrmions are axisymmetric nanoscale strings (a) emerging as 
ensembles of weakly repulsive “particles” at an applied magnetic field H in homogeneously 
magnetized ferromagnets (b). Panels (a-c) depict most common (so called Bloch-type) skyrmion 
configurations with the magnetization rotating in the planes perpendicular to the propagation 
direction p (c). d | Spin-polarized scanning tunneling microscopy images of isolated magnetic 
skyrmions with diameter approximately 6 nm (red spots) observed in a magnetically saturated 
FePd/Ir(111) nanolayer [13].  
 
The experimental search for magnetic skyrmions commenced two decades after the 
theoretical prediction [5, 6]. These lead to the discovery of skyrmions in several groups 
of magnetic crystals, as well as in synthetic nanolayers and multilayers of magnetic 
metals [12-19]. Application of modern experimental methods such as Lorentz 
transmission electron microscopy, spin-polarized scanning tunneling microscopy and 
magneto-optical Kerr effect enabled imaging of skyrmions and their evolution (Fig. 1c) 
[13]. Resonant elastic x-ray scattering has been successful in determining the 
topological winding number of skyrmions, surface helicity angles of twisted skyrmions 
and even skyrmion rotation with well-defined dynamics in the presence of a magnetic 
field gradient [16]. Advances in characterization techniques and data analysis have 
encouraged combinatorial approaches. For example, complementary investigations now 
include neutron scattering, Lorentz transmission electron microscopy and high-field 
transport measurements to identify and study distinct topological spin textures [17]. 
The practicality of skyrmions indicated in the early theoretical studies “intrinsically 
stable localized magnetic inhomogeneities in the size of nanometers, which can be 
realized in low coercivity materials” [11], helped formulate a new paradigm in magnetic 
storage technologies. During the last decade, a variety of device concepts based on 
magnetic skyrmions emerged, providing basis for (i) highly mobile, (ii) low power, and 
(iii) super-dense magnetic data storage, and other spintronic applications [36, 41].  
Subsequently, the field has been enriched with a plethora of experimental observations 
and results of numerical simulations. Despite impressive experimental 
accomplishments and encouraging application prospects, there has been relatively slow 
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progress in understanding the physical principles in this rapidly extended field of 
science and technology. Although it is generally acknowledged that the mathematical 
formalism of magnetic skyrmions belongs to the physics of solitons, this domain of 
nonlinear physics is rather unfamiliar to modern multidisciplinary materials research. 
As a result, efforts for a coherent physical insight into the large number of data remain 
scarce.  
In this Perspective, we initiate a discussion on the fundamental properties of magnetic 
skyrmions. Our primary focus is the emergence and evolution of these chiral spin 
textures in the well-studied non-centrosymmetric ferromagnets. We start from an 
analogy with shallow-water solitary waves (Box 1), discuss magnetic skyrmions as a 
special class of self-supporting localized states (solitons) and expound their stabilization 
mechanism. Using established mathematical tools of nonlinear physics, magnetic 
skyrmions are shown to exhibit properties expressed by methods of soliton physics (Box 
2), and to emerge as axisymmetric strings with a fixed sense of rotation. Comparison 
with state-of-the-art experiments demonstrates the essential features of isolated 
skyrmions (Fig. 2) and skyrmion lattices (Fig. 3). 
 
Solitary waves and solitons   
Magnetic skyrmions (Fig. 1) belong to pattern formation phenomena widely spread in 
nature, manifesting as countable objects (“particles”) in continuous fields. Such patterns 
are characterized by spatial and temporal dimensions. Tornados and typhoons, solitary 
surface ocean waves, and spherulites in chiral liquid crystals are just a few examples. In 
most physical systems, particle-like patterns emerge as unstable dynamic excitations, 
which gradually decay into a homogeneous state (e.g. tornados and typhoons). 
However, there exist a special class of “self-supporting” particle-like objects known as 
“solitons” [21-23].  
Let us consider solitons as canonical case of travelling solitary waves on the water 
surface (Box 1). Commonly, once formed, such surface waves gradually spread and 
eventually decay. However, John Scott Russell (1834) realized an unusual stability of 
solitary surface waves travelling through shallow water channels. Following this 
observation, Joseph Boussinesq (1871) demonstrated theoretically that shallow water 
solitary waves are in fact stabilized by the seabed. These studies were developed further 
by Diederik Korteweg and Gustav de Vries (1898), who provided a detailed analysis of 
the localized and periodic solutions for shallow water waves (Box 1) [21].  
The discovery of intrinsically stable, localized states introduced a new physical 
paradigm: a ‘solid’ particle-like object can be induced in continuous media and easily 
controlled and manipulated by external forces. This breakthrough was appreciated only 
decades later, in the second half of last century. The discovery of solitons (the term 
“soliton” was coined by Martin Kruskal and Norman Zabusky in 1969 [20]) in different 
domains of physics and the development of mathematical methods to describe their 
properties, formed one of the most important achievements in 20th century physics, the 
so-called “soliton revolution” [20, 21].  
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Box 1| Shallow water solitons 
Mathematically, shallow water waves propagating along the x-axis are described by the 
nonlinear equation: 
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known as the Korteweg-de Vries (KdV) equation. Here the water surface elevation, (x, 
t) depends on x and time t; h is the water depth, g is gravitation acceleration. The first 
two terms in the KdV equation yield solutions for non-dispersive waves propagating 
with speed  𝑣0 = √𝑔ℎ; the next two terms describe the competing contributions of 
dispersion ( h2) and the interaction with the seabed ( 1/h).  
In extremely shallow water when h is a factor 20 or 
more smaller than the wavelength L, the last term 
suppresses dispersion processes and stabilizes 
solutions for solitary waves with bell-shaped profiles 
(solitons) [21] 
 
𝜂𝑠(𝑥, 𝑡) =
2 2
cosh2[(𝑥 − 42𝑡 − 𝑥0)]
  , (B. 1.2)   
 
where  is a material parameter including the speed, width, and height of the wave. The 
calculated wave profiles ηs (x, t) plotted for different values of parameter  are in good 
agreement with laboratory reconstructions of Russell’s soliton in a shallow water 
channel (see video in Related link). 
 
Skyrmion terminology  
The solution for a shallow water soliton (B.1.2) and the underlying physical mechanism 
stabilizing this state is a prototype for all solitonic states [23], including magnetic 
skyrmions. Originally, these solitonic states were introduced as “magnetic vortices” [1] 
and later renamed “magnetic skyrmions”. 
The term “skyrmion” was coined in early 1980’s to designate solutions for three-
dimensional solitons, for the field models [22] introduced by Tony Skyrme [53]. 
Subsequently, it has been applied to multidimensional non-singular localized states with 
nontrivial topology. In this extended meaning, “skyrmion” does not describe a 
fundamental entity with shared physical properties such as electrons, protons, or quarks. 
Instead, serves as an umbrella title for a variety of textures, heuristically attributed to 
topologically nontrivial, smooth localized structures in diverse areas of physics, from 
cosmology to condensed matter [55].  
Following this trend, the term “skyrmion” has been used to designate magnetic localized 
states of diverse physical nature, such as magnetic bubble domains stabilized by 
demagnetization effects [25], solitonic states imposed by competing exchange 
interactions (frustration) [50] or Belavin-Polyakov instantons [4, 22].  
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Notably, magnetic skyrmions are not “topologically protected localized states”. The 
nontrivial topology protects them from unwinding into saturated states but does not 
prevent them from collapsing into a linear singularity  a line with antiparallel 
magnetization  in the saturated phase. The presence of magnetic skyrmions with well-
defined sizes is due to the stabilization supported by Dzyaloshinskii– Moriya 
interactions [1]. Further examples of solitonic states and associated stabilization 
mechanisms are discussed in the section on ‘kinsmen’ of magnetic skyrmions. 
 
Isolated magnetic skyrmions  
Basic model. Magnetically ordered states (ferromagnetic, antiferromagnetic etc.) are 
governed by quantum mechanical exchange coupling [24]. Nonetheless, many 
magnetically ordered materials can be described by classical field models with respect 
to the magnetization vector M (micromagnetics [25]). Magnetic states in materials with 
broken spatial inversion symmetry can be described by basic model [10,11]  
 
𝑤 (𝑴) = 𝐴(∂𝑖𝑴)
2 + 𝑉(𝑴) + 𝑤𝐷(𝑴),    (1) 
 
where 𝐴(∂𝑖𝑴)
2  ≡  ∑ (𝜕𝑀𝑗/𝜕𝑥𝑖)
23
𝑖,𝑗=1  is the exchange energy with stiffness constant A, 
V(M) is the “potential” term, including internal magnetic interactions and interactions 
with applied fields. For uniaxial ferromagnets 𝑉(𝑴) =  𝐾[1 − (𝑴 ∙ 𝒏)2] + 𝜇0[𝑀𝐻 −
𝑴 ∙ 𝑯] includes the uniaxial magnetocrystalline anisotropy with coefficient K (n is the 
unit vector along the high symmetry axis), and Zeeman energy. µ0 is vacuum 
permeability. In this model, the Dzyaloshinskii-Moriya energy density wD(M) is 
described by a combination of functionals linear in the first spatial derivatives of M (so-
called Lifshitz invariants):  
 
ℒ𝑖𝑗
(𝑘)
= 𝑀𝑖𝜕𝑀𝑗/𝜕𝑥𝑘 −𝑀𝑗𝜕𝑀𝑖/𝜕𝑥𝑘.   (2) 
 
Energy contributions ℒ𝑖𝑗
(𝑘)
 favor modulated states with magnetization rotation in the (i, 
j)-planes, propagating along the k-axis. They provide the stabilization mechanism for 
helical states [10] and magnetic skyrmions [1, 2]. For example, in non-centrosymmetric 
cubic ferromagnets, which belong to the crystallographic class T (MnSi, FeGe, 
Cu2OSeO3, and others) 𝑤D(𝑴) = 𝐷(ℒ𝑦𝑥
(𝑧)
+ ℒ𝑥𝑧
(𝑦)
+ ℒ𝑧𝑦
(𝑥)
) = 𝐷 𝑴 × curl (𝑴) where D 
is the Dzyaloshinskii-Moriya constant [26]. These three Lifshitz invariants favor 
magnetization rotation in planes perpendicular to the propagation directions (as in Bloch 
domain walls [25]). Whereas, in uniaxial ferromagnets with Cnv symmetry (n = 2, 3, 6), 
𝑤D(𝑴) = 𝐷(ℒ𝑥𝑧
(𝑥)
− ℒ𝑦𝑧
(𝑦)
). Here, the magnetization rotates along the propagation 
directions (as in Néel domain walls [25]).  
The energy functional (1) includes interactions essential to stabilize magnetic 
skyrmions and neglects other energy contributions (such as demagnetization effects, 
magnetoelastic coupling, surface/interface induced interactions and instabilities, edge 
effects). The solutions derived within this simplified model [1-4, 11, 35] introduce 
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fundamental properties of skyrmionic states in non-centrosymmetric ferromagnets. 
These findings offer the conceptual and mathematical basis for theoretical 
investigations of complex magnetic phenomena in magnetic nanolayers [28-32, 34] and 
artificial magnetic multilayers with intrinsic, or induced Dzyaloshinskii-Moriya 
interactions (see e.g. [37, 42]).  
Axisymmetric magnetic skyrmions. Solutions for isolated skyrmions  (), 𝜓(𝜙) are 
shown in Box 2 and Figs. 2a, 2b). To date, three types of magnetic skyrmions have been 
identified in non-centrosymmetric ferromagnets. Type-I (Bloch-type) skyrmions have 
been observed in bulk samples and nanolayers of non-centrosymmetric cubic 
helimagnets [7, 8, 14, 19, 27-29]; type-II (Neel-type) discovered in rhombohedral 
ferromagnets GaV4S8 and GaV4Se8 with C3v symmetry belonging to a group of lacunar 
spinels [15], as well as in FePt/Ir nanolayers with surface-induced Dzyaloshinskii-
Moriya interactions [4, 13, 30]; type-III reported in non-centrosymmetric Heusler alloys 
with D2d symmetry [19]. Solutions  () (e.g. Fig. 2) are derived from equation (B.2.2) 
and described by the three characteristic parameters shown in (B.2.4) [4, 31].  
A typical solution for magnetization profiles  () is shown in Fig. 2b, together with 
experimental data for magnetic skyrmions in FePt/Ir nanolayers [4]. Skyrmion diameter, 
Ls decreases with increasing applied magnetic field (Fig. 2b) [11, 31]. In contrast to 
magnetic bubble domains collapsing in moderate fields [25], skyrmions persist to high 
fields [11]. However, they lose radial stability and collapse when the applied magnetic 
field compresses them to sizes of few lattice constants [4, 32].  
Two scenarios of skyrmion evolution. At high magnetic fields, the energy of magnetic 
skyrmions E (B.2.3) is positive and they exist as locally stable two-dimensional particles 
(cylinders) in a homogeneously saturated matrix (Figs. 1, 2). At lower fields, the 
skyrmion energy becomes negative. Hence, for E (B.2.3) < 0 a spatially modulated 
phase composed of skyrmion “cells” (e.g. in the form of a hexagonal lattice (Fig. 3)) 
has lower energy than in the saturated state. Equation E(H, K) = 0 yields the critical 
field of the phase transition between the saturated state and a skyrmion lattice, Hs(K) [2, 
4]. In particular, for cubic helimagnets Hs(0) = 0.801 HD (Fig.2b) [2]. The emergence 
of skyrmion lattices within the saturated phase, below Hs(K), is possible only if isolated 
skyrmions can be easily nucleated. Otherwise, the saturated phase with embedded 
isolated skyrmions persists as a metastable state, far below Hs. From below, the presence 
of isolated magnetic skyrmions is restricted by the elliptical instability field, Hel(K) [11]. 
Here, isolated skyrmions strip out abruptly into bands with one-dimensional helical 
modulations. In particular, for zero anisotropy Hel(0) = 0.534 HD (Fig. 2c). Therefore, 
isolated skyrmions which arise as ensembles of weakly repulsive particles in the 
saturated phase, offer two scenarios of evolution with decreasing magnetic field. Either 
condense into spatially modulated phases (skyrmion lattices) below Hs or remain as 
localized states in the metastable saturated phase and strip-out into one-dimensional 
helical states at Hel. Indeed, the spontaneous nucleation of skyrmion lattices with 
decreasing magnetic field has been observed in wedged nanolayers of cubic 
helimagnets. Here, magnetic skyrmions were nucleated at the edges and moved to the 
center of the sample [33, 34].  
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Box 2| Solutions for magnetic skyrmions 
For theoretical analysis of magnetic skyrmions, it’s convenient to introduce spherical 
coordinates for the magnetization vector M and cylindrical coordinates for the spatial 
variables r: 
 
𝑴(𝒓) = 𝑀(sin 𝜃 cos𝜓, sin 𝜃 sin𝜓, cos 𝜃),    𝒓 = (𝜌 𝑐𝑜𝑠 ,  𝜌 𝑠𝑖𝑛, 𝑧).        (B. 2.1) 
 
Within the simplified model (1) the solutions for magnetic skyrmions are reduced to the 
form  (), 𝜓() (i.e. axisymmetric and homogeneous along the skyrmion axis, z) [1]. 
For non-centrosymmetric classes of uniaxial ferromagnets, solutions 𝜓 = 𝜓() have 
been derived in analytical form [1]:  
 
 
  
In-plane projections of the magnetization vector in this figure describe five different 
skyrmion core configurations [1-4]. In ferromagnets with Cn and S4 symmetries, 𝛾 is a 
constant phase angle determined by the ratio of competing Dzyaloshinskii-Moriya 
interactions along orthogonal axes [1, 4]. For all five types of skyrmions, the 
equilibrium profiles  () are derived from equation 
 
𝐴(
𝑑2
𝑑2
+
1

 
𝑑
𝑑
−
1
2 
sin cos )   −  
𝐷

 sin2 +  𝑓() = 0 ,                      (B. 2.2) 
 
with boundary conditions  (0) =  and  () = 0. A is the exchange stiffness constant, 
D is the DzyaloshinskiiMoriya constant, and 𝑓() = −𝐾 sin  cos  − 𝜇0𝑀𝐻sin is a 
“potential” term, including magnetic interactions independent of spatial gradients. The 
reduced energy  
 
𝐸 = (2𝜋)−1 ∫ 𝑑
2
0
 ∫ 𝑤 (𝜃, 𝜓)𝜌𝑑𝜌
∞
0
                 (B.2.3) 
 
gives the difference between the magnetic skyrmion energy and the energy of the 
saturated state (  = 0). Model (B.2.1) introduces three characteristic parameters: 
 
LD = 4A/|D|,     µ0HD = D2M/(2A),     K0 = D2/(4A), (B.2.4) 
 
where LD is the period of helical modulations at zero field and anisotropy, HD is the 
saturation magnetic field and K0 the critical value of uniaxial anisotropy (Fig. 2b, 2c).  
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Plots (a) and (b) depict solutions of the initial value problem [ (0) = , d/dρ (0) = - ζ] 
for equation (B.2.2) with H = 0, K = 2.8 K0. Profiles (ζ)(ρ) (a) and the corresponding 
phase portraits ((ζ), d(ζ)/dρ) (b) are shown for different values of ζ. In phase space ((ζ), 
d(ζ)/dρ) (b) localized solutions correspond to separatrix solutions (trajectory (B) in 
panel (b)). Localized solutions exist only for nonzero values of D. In centrosymmetric 
ferromagnets (D = 0), all phase trajectories end in one of the poles (for details see Refs. 
4 and 35).  
 
Spin-polarized scanning tunneling microscopy images in Fig. 2c demonstrate the 
evolution of weakly pinned isolated skyrmions at low fields in FePd/Ir nanolayers [4, 
13, 30]. The formation of lattices at Hs(T) is impeded by the restricted mobility of 
pinned, isolated skyrmions, which persist at their positions down to Hel. The interaction 
with neighboring skyrmions and the sample edges, hamper the strip-out transition at Hel. 
Instead, the elliptical distortions increase and skyrmions transform into a helical state 
[4].  
The evolution of magnetic skyrmions in an applied field and the role of disorder in their 
stability and dynamics, encouraged intensive efforts on the synthesis of composite 
materials and the design of devices for prospective applications [36-42]. The 
technological aspect of magnetic skyrmions has been duly addressed in recent reviews 
by R. Wiesendanger [40] and A. Fert et al. [41]. In this Perspective, we focus on the 
fundamental properties and address the stabilization mechanism within the general 
principles of soliton physics.  
Magnetic skyrmions as solitons. We may calculate the skyrmion energy E (B. 2.3) with 
ansatz  
 
𝜃(𝜌) = 4arctan[exp(−𝜌 𝑅⁄ )] ,    (3) 
 
where parameter R represents the skyrmion core radius. This trial function is based on 
the well-known Landau-Lifshitz solution for isolated domain walls [25] and provides a 
good fit to the solutions of equation (B.2.2). The skyrmion energy E (B. 2.3) calculated 
with ansatz (3) is reduced to the quadratic polynomial [4]  
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ℰ(𝑅) = 𝒜 + ℬ𝑅2 − 3.02|𝐷|𝑅,    (4) 
 
where 𝒜 = 4.31 𝐴;  ℬ = 1.59𝐾 + 1.39𝜇0𝑀𝐻. Minimization of ℰ(𝑅) yields the 
equilibrium skyrmion size  
 
?̅?(𝐻, 𝐾) = 1.51|𝐷|/ℬ(𝐻,𝐾)   (5) 
 
and the transition field Hs(K). For cubic helimagnets, model (3) yields Hs(0) = 0.760 HD 
(cf. with the rigorous value 0.801 HD (Fig. 2c)).  
 
 
 
Figure 2| Isolated skyrmions in the saturated state. a | Magnetization profile  (/LD) for an 
isolated skyrmion at high magnetic fields (circles are spin-polarized scanning tunneling 
microscopy data in a FePt/Ir (111) thin film [4]). The solid line is a fit to the data of the solution 
to equation (1) for K/K0 =1.3, H/HD = 0.32. b | Equilibrium values of the isolated skyrmion size, 
Ls as a function of applied magnetic field for zero uniaxial anisotropy [2]. Inset shows spin-
polarized scanning tunneling microscopy images of an isolated skyrmion at different values of 
the applied magnetic field (adapted from [4]). Characteristic parameters LD, HD, and K0 are 
introduced in Eq. B.2.4. c | Spin-polarized scanning tunneling microscopy images of magnetic 
skyrmions in a FePt/Ir (111) thin film for different values of applied magnetic field [4].  
 
Energy ℰ(𝑅) includes two competing contributions: the Dzyaloshinskii-Moriya energy 
(∝ −𝑅) favors unlimited extension of the skyrmion core (𝑅 → ∞), while the energies 
of the uniaxial anisotropy and the interaction with the applied magnetic field (ℬ ∝ 𝑅2 ) 
tend to suppress the skyrmion (𝑅 → 0). The equilibrium skyrmion size ?̅? (4) is formed 
due to the balance between counteracting intrinsic forces. Notably, similar competing 
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processes (dispersion vs. interaction with the seabed) underlie the formation of shallow 
water solitons (Box 1). In both phenomena, the emerging localized states (solitons) 
correspond to the local minimum of the system, exhibiting a remarkable stability, 
protecting them against perturbations and preserving their shape. Interestingly, they 
demonstrate properties attributed to solitons and are described by methods of soliton 
physics (Box 2) (for details see Refs. 2, 4, and 35).  
Phase portraits of solutions. Further insight into the nature of magnetic skyrmions can 
be obtained by solving Eq. (B.2.2) with initial values [ (0) = , d/dρ (0) = - ζ] (Box 
2). Any localized solution of Eq. (B.2.2) (Fig. 2b) is among a set of parametrized profiles 
(ζ)(ρ) (0 < ζ < ∞) and corresponds to a fixed value of ζ. Typical profiles (ζ)(ρ) (a) and 
the corresponding phase portraits ((ζ), d(ζ)/dρ) (b) are plotted in Box 2. Most curves 
(ζ)(ρ) oscillate around lines 1,2 = ± /2 (a). The corresponding curves in phase ((ζ), 
d(ζ)/dρ) spiral around attractor points (± /2, 0). In phase space ((ζ), d(ζ)/dρ), among 
the manifold of spiraling curves there is a singular curve ending at saddle point (0,0) 
(b). This so-called separatrix line corresponds to the localized solution of Eq. (B.2.2).  
As a matter of fact, localized solutions of Eq. (B.2.2) exist only for finite values of D. 
In centrosymmetric ferromagnets (D = 0), curves (ζ)(ρ) (0 < ζ < ∞) oscillate around line 
1 = /2 and the corresponding phase portrait curves spiral around attractor (/2, 0). The 
geometrical images in a form of “shooting trajectories” and the phase portraits of the 
solutions (Box 2), demonstrate how Dzyaloshinskii-Moriya interactions stabilize 
solutions for localized states. The basic properties of magnetic skyrmions are elucidated 
without directly solving differential equation (B.2.2).  
 
Skyrmion lattices  
For a long time, homochiral long-period structures emerging in magnetic materials with 
broken inversion symmetry were observed in the form of one-dimensional modulations, 
helices [43]. Subsequently, it was established that in uniaxial non-centrosymmetric 
ferromagnets and nanolayers of cubic helimagnets, helical phases retain their 
thermodynamic stability only in weak magnetic fields. They transform by first-order 
processes into skyrmion lattices at a critical field, H1(T) [1-3, 31]. Above this field, 
magnetic skyrmion lattices (Fig. 3a) correspond to the global minimum of the system 
in a broad range of applied magnetic field and temperature [2, 31]. In experiment, the 
formation of hexagonal skyrmion lattices is commonly observed during the magnetic-
field-induced phase transitions from the helical phase [8, 14, 15].  
Solutions for skyrmion lattice cells describe a gradual localization of the skyrmion core 
and the expansion of the lattice period L with the increase of an applied magnetic field 
(Fig. 3b) [2]. At Hs(T), the lattice transforms into the saturated state by infinite 
expansion of the period (L  ∞). Note that solutions for the skyrmion core have finite 
values at Hs. Hence, during transition into the saturated state the skyrmion lattice 
transforms into an ensemble of isolated skyrmions. Theoretically, this transition is 
reversible and on decreasing the applied magnetic field (below Hs) the ensemble of 
isolated skyrmions should re-condense to a skyrmion lattice. This is one of the possible 
scenarios for the evolution of a skyrmion texture.  
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Figure 3| Evolution of skyrmion lattices in an applied magnetic field. a| Fragment of a 
hexagonal lattice with Bloch-type skyrmion cores. b| Equilibrium size of skyrmion cell L as a 
function of applied magnetic field at zero anisotropy. Characteristic parameters LD and HD are 
introduced in Eq. B.2.4. Inset shows calculated contour plots mz(x,y) for H/Hs = 0 (1), 0.5 (2), 
0.999 (3), Hs = 0.801HD. White bars indicate LD length. [28]. c| Images of skyrmion textures in 
a thin layer of FeGe for different applied magnetic fields (100 - 400 mT) recorded by off-axis 
electron holography at T = 200 K. Yellow lines indicate a dislocation causing distortion to the 
skyrmion cell. The internal structures of skyrmion cores are marked by squares (adapted from 
[29]).  
 
The transformation of a skyrmion lattice to the saturated state develops continuously, 
like a second-order phase transition [44]. According to Landau theory, second-order 
transitions occur between a lower symmetry phase with a finite order parameter  and a 
high symmetry phase ( = 0). During a phase transition, the order parameter gradually 
decreases and goes to zero at the transition point (i.e. the lower symmetry phase fades 
away at the transition point). Take for example, the order parameter of the ferromagnetic 
phase. Here, the magnetization modulus |M| goes to zero at the transition temperature 
and the system turns into the paramagnetic phase.  
On the other hand, a skyrmion lattice does not vanish at the transition field. Instead, 
decomposes into the constituent elements (isolated skyrmions). According to a 
classification introduced by P.G. De Gennes, phase transitions with a continuous 
decomposition of lower symmetry phases belong to the nucleation type [45]. The 
continuous transition between helicoids and saturated phases proceeds in a similar way 
namely, through sublimation and re-sublimation of homochiral isolated domain walls 
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[10]. Magnetic-field-driven transitions of bubble domain lattices and stripe domains into 
the homogeneous phase also belong to the nucleation type [25].  
 
Kinsmen of magnetic skyrmions  
From a mathematical perspective, solutions for multidimensional localized states arise 
only in field models containing either energy contributions linear with respect to spatial 
derivatives or with higher-order spatial derivatives [1, 10, 43]. The former is composed 
of Lifshitz invariants in eq. (2) and describe, for example, Dzyaloshinskii-Moriya 
interactions in magnetic compounds with broken inversion symmetry [1, 10, 46]. In 
condensed-matter there are no physical interactions underlying energy contributions 
with higher-order spatial derivatives. Interestingly however, a stabilization term, quartic 
in spatial derivatives (Skyrme mechanism), was introduced by Tony Skyrme, but to 
describe low-energy dynamics of mesons and baryons [22, 53]. Two-dimensional and 
three-dimensional localized solutions stabilized by the Skyrme mechanism are 
intensively investigated with so-called Faddeev-Skyrme models [22, 54]. The energy 
density functional  
 
𝑤 (𝜈) = 𝑎(𝜕𝑖𝜈)
2 + 𝑏(𝜕𝑖𝜈 × 𝜕𝑗𝜈)
2
+ 𝑉(𝜈).   (6)  
 
with the unity vector ν as the order parameter is representative for the family of field 
models [54] and consists of the common stiffness energy with constant a, the Skyrme 
energy with constant b, and the potential energy V (ν).  
Non-centrosymmetric systems. In condensed matter systems with broken inversion 
symmetry such as ferroelectrics, chiral liquid crystals and mutliferroics, interactions 
analogous to Dzyaloshinskii-Moriya coupling can provide the stabilization mechanism 
for multidimensional solitons. Indeed, cholesterics and other chiral nematics host 
various textures with chiral modulations [46]. Among them, two-dimensional 
axisymmetric localized strings, analogous to magnetic skyrmions, have been observed 
in thin layers with strong perpendicular surface pinning (homeotropic anchoring) [47, 
48]. Furthermore, axisymmetric skyrmions have been observed in layered oxides with 
spontaneous electric polarization (ferroelectrics) [49].  
Skyrmion-bubble hybrids. Localized magnetic patterns in nanolayers and multilayer 
magnetic architectures, emerge under the combined influence of surface/interface 
induced Dzyaloshinskii-Moriya interactions and magneto-dipolar coupling. These 
localized states may be considered `skyrmion-bubble hybrids‘, exhibiting magnetic 
properties attributed to chiral skyrmions and magnetic domains. They are distinct from 
the classical cylindrical domains (bubbles) observed in thin films with strong 
perpendicular magnetic anisotropy. Magnetic bubbles are areas of antiparallel 
magnetization, separated from the magnetically saturated matrix by thin domain walls 
[25]. Importantly, although magnetic bubbles and skyrmions have the same topology, 
they are fundamentally different physical objects. Bubbles are intrinsically unstable 
magnetic domains, which can be stabilized by surface demagnetization effects in 
confined magnets and depend on the shape of a magnetized body [25].  
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Skyrmion-bubble hybrids are a new class of chiral localized states. The modulation of 
the geometry or composition of a magnetic multilayer, promises fine control over the 
frequency response associated with skyrmions and the corresponding gyration of the 
topological charge, which is dependent on the inter-layer dipolar coupling within the 
heterostructure. For example, raising this coupling may increase the skyrmion radius 
and tune the frequency and field response of its resonance. This intrinsic adjustability 
highlights one of the potential advantages of chiral magnetic multilayers.  
Exchange modulations. These modulated textures emerge in an extended group of 
centrosymmetric magnetic compounds and are stabilized by competing non-local 
exchange interactions [43]. Unlike homochiral and long-periodic modulations induced 
by Dzyaloshinskii-Moriya interactions, exchange modulations are characterized by 
periods of a few lattice constants and arbitrary rotation sense. These give rise to a 
numerous short period spirals in rare earth metals and related materials [43]. There has 
been evidence for nanoscale magnetic heterostructures exhibiting multidimensional 
short period modulated states supported by complex non-local exchange interactions 
[12]. Instead of continuum (field) models, such short period modulations are described 
either within discrete models [4, 32, 50, 51] or by applying methods of quantum 
magnetism [12, 52]. The fundamental properties of magnetic skyrmions (including 
stability criteria) have been derived within field models and do not apply to properties 
of short period modulations (independent of the stabilization mechanism). Thus, the 
multidimensional short period modulated states [12, 32, 50, 51] should not be confused 
with magnetic skyrmions and other solitons. In a continuum limit, discrete models for 
exchange modulations reduce to energy functionals of the type in eq. (5) [43, 56, 57] 
and establish relations between exchange modulations and fields models, with the 
Skyrme stabilization mechanism.  
 
Summary and outlook  
This Perspective addresses the physical foundations of magnetic skyrmions, a rapidly 
developing field in science and technology. It aims to serve as an intelligible guide on 
the essential principles governing the properties of magnetic skyrmions in condensed 
matter physics. Conceptualization of the formation and evolution of these solitonic 
states helps bring theoretical findings to the laboratory bench. Specifically, the 
underlying crystallographic structure of chiral magnets with broken inversion symmetry 
induces competing magnetic interactions, with the emerging localized states exhibiting 
remarkable stability, protecting them against perturbations and preserving their shape. 
Practically, the basic physical properties illustrate that these spin textures can be created 
and manipulated using readily available tools in a plethora of bulk crystals and synthetic 
architectures.  
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